Supersymmetry with bilinear R-parity violation provides a predictive framework for neutrino masses and mixings in agreement with current neutrino oscillation data. The model leads to striking signals at future colliders through the R-parity violating decays of the lightest supersymmetric particle. Here we study charged scalar lepton decays and demonstrate that if the scalar tau is the LSP (i) it will decay within the detector, despite the smallness of the neutrino masses, (ii) the relative ratio of branching ratios Br(τ 1 → e ν i )/Br(τ 1 → µ ν i ) is predicted from the measured solar neutrino angle, and (iii) scalar muon and scalar electron decays will allow to test the consistency of the model. Thus, bilinear R-parity breaking SUSY will be testable at future colliders also in the case where the LSP is not the neutralino.
Introduction
Neutrino physics is one of the most rapidly developing areas of particle physics [1] . The solar neutrino data, including the recent measurement of the neutral current rate for solar neutrinos by the SNO collaboration [2] provide strong evidence for neutrino flavour conversion. If interpreted in terms of neutrino oscillations, the data indicate a large mixing angle between ν e and ν µ − ν τ , with a strong preference towards the large mixing angle MSW solution (LMA). At 3σ one has [3] 0. 25 
This nicely confirms earlier hints found in ref. [4] . The LMA solution will be testable independently by KamLAND [5] , and first results are expected before the end of the year. In addition, current atmospheric neutrino data are most easily explained by ν µ ↔ ν τ oscillations [6] , with the 3σ ranges ( These data leave little doubt that neutrinos are massive particles after all. Unsurprisingly the discoveries in neutrino oscillation physics have triggered an avalanche of theoretical and phenomenological papers on models of neutrino masses and mixings [7] , the majority of which are based on one variation or the other of the see-saw mechanism [8, 9, 10] . Here we consider a phenomenologically viable alternative, namely, supersymmetry with bilinear R-parity breaking terms [11, 12] , which in contrast to the seesaw mechanism generates neutrino masses at the electro-weak scale. Low-scale schemes for neutrino masses have the advantage of being potentially testable in nearfuture accelerator experiments. In this paper we study the implications of neutrino physics for charged scalar lepton decays.
Supersymmetric models with explicit bilinear breaking of R-parity (BRpV) [11, 12] provide a simple and calculable framework for neutrino masses and mixing angles in agreement with the experimental data [13] . BRpV is a hybrid scheme in which one neutrino mass is generated at tree-level, through the mixing with the neutralinos [14] , in an effective "low-scale" variant of the seesaw, while the remaining two masses are generated at 1-loop order. A complete 1-loop calculation of the neutrino-neutralino mass matrix [13] is therefore necessary, before one can confront the model with experimental data from atmospheric and solar neutrino experiments. Especially note that the "solar" angle has no meaning in BRpV at tree-level.
BRpV might be considered either as a minimal three-parameter extension of the MSSM, valid up to some very high energy scale (like the GUT scale) [15] or as the effective description of a more fundamental theory in which the breaking of R-parity is spontaneous [14, 16] . While spontaneous breaking of R-parity may be considered theoretically more attractive since, for example, it provides a motivation for the absence of trilinear R-parity breaking parameters in the superpotential, for the sake of simplicity in our numerical calculation we will stick to explicit BRpV only.
One should, however, note that the results obtained here are valid also in those classes of models where R-parity is broken spontaneously including the presence of an additional Goldstone boson, namely the Majoron J. This can be seen as follows: The Majoron consists mainly of the imaginary parts of the SU(2) ⊗ U(1) singlet scalars, such as the right-handed sneutrinos [16] . The only terms which couple the Majoron directly to sleptons is given by h νLĤ 2ν c R in the superpotential and the corresponding term in the soft SUSY breaking Lagrangian. These terms can in principle induce decays likeτ → µ J. However, such a decay requires that one of the charged particles involved contains a large left-handed component whereas the other one contains a large Higgs component. As we will see below, in the cases we will study the sleptons are mainly right-sleptons. In addition, in mSUGRA scenarios the mass differences between the lightest three sleptons is rather small leading to a further suppression of Majoron-emitting charged slepton decays.
If R-parity is broken the lightest supersymmetric particle (LSP) will decay. As was shown in [17] (see also [18] ), if the LSP is the lightest neutralino, the measured low-energy neutrino properties translate into predictions for the ratios of various branching ratios of the neutralino decay, thus providing a definite test of the model as the origin of neutrino masses and mixings.
However, cosmological and astrophysical constraints on its nature no longer apply if the LSP decays. Thus, within R-parity violating SUSY a priori any superparticle could be the LSP. In this paper we study the case where a charged scalar lepton, most probably the scalar tau, is the LSP 1 . We calculate the production and decays ofτ , as well as the decays ofẽ andμ, and demonstrate that also for the case of charged sleptons as LSPs neutrino physics leads to definite predictions of various decay properties. This paper is organized as follows. In Sec. 2 we will define the model, discuss the charged scalar mass matrix and give some formulas for the two-body decays of charged sleptons, which are the most important decay channels. In Sec. 3 we will then discuss production and decays of these particles, with special emphasis on possible measurements of R-parity violating parameters. Finally, in Sect. 4 we summarize our conclusions.
The model
Since BRpV SUSY has been discussed in the literature several times [11, 12, 13, 21] we will repeat only the main features of the model here. We will follow the notation of [13] .
The simplest bilinear R p / model (we call it the R p / MSSM) is characterized by three additional terms in the superpotential
where W M SSM is the ordinary superpotential of the MSSM and
These bilinear terms, together with the corresponding terms in the soft SUSY breaking part of the Lagrangian,
define the minimal model, which we will adopt throughout this paper. The appearance of the lepton number violating terms in Eq. (only) by lepton number (or R-parity). Mixing between the neutrinos and the neutralinos of the MSSM, as mentioned previously, generates a non-zero mass for one specific linear superposition of the three neutrino flavour states of the model at tree-level. For a complete discussion of 1-loop corrections, providing mass for the remaining two neutrino states, see [13] .
For the decays of the charged sleptons it is necessary to calculate the mixings between neutrinos and neutralinos, charginos and charged leptons, as well as the charged scalar mixing. Since the various mass matrices can be found in [13] , we will discuss only the charged scalar mass matrix in the next section.
The charged scalar mass matrix
With R-parity broken by the bilinear terms in Eq. (5) the left-handed and right-handed charged sleptons mix with the charged Higgs of the MSSM, resulting in an (8 × 8) mass matrix for charged scalars. As in the MSSM this matrix contains the Goldstone boson, providing the mass of the W-boson after electro-weak symmetry breaking. One can rotate away the Goldstone mode from this mass matrix, using the following rotation matrix
where,
(10)
This matrix has the property that
where
is a (7 ×7) matrix and the zeroes in the first row and first column correspond to the (massless) Goldstone state in ξ = 0 gauge.
We divide the remaining
into two parts,
(1) ] contains only R-parity conserving [R-parity violating] terms. Note that in the following we assume for simplicity that there is no inter-generational mixing among the charged sleptons. This is motivated by existing constraints from flavour changing neutral currents [22] and is consistent with the minimal SUGRA scenario of the MSSM, which we will use in the numerical part of this paper. With this assumption also the branching ratio µ → eγ is small [23] in the bilinear model in agreement with experimental data. The R-parity conserving part of
is given by
where the dots indicate that the matrix is symmetric and
with v can be written as
The Higgs mass correction and the Higgs-Slepton mixing terms in eq. (19) are
LL can be written as,
with the diagonal terms given by
whereas the off-diagonals are
and
Finally, the matrix M
2(1)
LR has the following peculiar structure,
In the above equations we have used the following abbreviation
With the definitions outlined above, once can easily derive approximate expressions for the mixing between the charged Higgs and the charged sleptons induced by the R-parity breaking parameters. These are given by
sin
Note that one expects sin θ HR i ∼ h E i sin θ HL i , i.e. the mixing between righthanded sleptons and the Higgs should be typically much smaller than the left-handed Higgs-slepton mixing.
Finally, the R-parity conserving mixing between left-handed and righthanded sleptons is approximately given by sin 2θl
Formulas for two-body decays
Charged scalar leptons lighter than all other supersymmetric particles will decay through R-parity violating couplings. Possible final states are either l j ν k or′ . For right-handed charged sleptons (l Ri ) the former by far dominates over the hadronic decay mode, since the mixing betweenl Ri and the charged Higgs is small, as explained above.
In the limit (m f j , m ν k ) ≪ mf i one has the simple formula for the two-body
Exact expressions for these couplings can be found, for example, in ref. [13] . Even though in the results presented in this paper we have always calculated the couplings appearing in eq. (37) exactly using our numerical code, it is instructive to consider an approximate diagonalization procedure for the various mass matrices. This method is based on the fact that neutrino masses are much smaller than all other particle masses in the theory and therefore one expects that the bilinear R-parity breaking parameters are (somewhat) smaller than the corresponding MSSM parameters. For the charged scalar mass matrix all necessary definitions have been given above, for details for the corresponding procedure for neutralino and chargino mass matrices we refer to [13, 21, 24] . For the case where i = j forl Ri → l j ν k one finds
Here cl 
The quantities y 1 and y 2 are defined as
with DetM χ ± being the determinant of the MSSM chargino mass matrix. While eq. (38) above keeps all R-parity breaking paramters in the expansion up to second order, eq. (39) should be valid in the parameter region in which the 1-loop neutrino masses are smaller than the tree-level contribution.
For the case i = j the corresponding formulas are rather cumbersome and therefore of limited utility, except for the casel =ẽ. Here, since h e ≪ 1 one can simplify the couplings to,
The parameter Λ has been defined above and x 1 is given by
with DetM χ 0 being the determinant of the MSSM neutralino mass matrix and M 2 the soft SUSY breaking SU(2) mass parameter. From eq. (39) one expects that various ratios of branching ratios should contain rather precise information on ratios of the bilinear R-parity breaking parameters, for example,
2 . We will discuss this important point in more detail in the next section.
Slepton production and decays
In this section we will discuss charged slepton production and decay modes. In order to reduce the number of parameters, the numerical calculations were performed in the mSUGRA version of the MSSM. Unless noted otherwise, we have scanned the parameters in the following ranges: . All randomly generated points were subsequently tested for consistency with the minimization (tadpole) conditions of the Higgs potential as well as for phenomenological constraints from supersymmetric particle searches. In addition, we selected points in which at least one of the charged sleptons was lighter than the lightest neutralino, and thus the LSP. This latter cut prefers strongly m 0 << M 2 .
R-parity violating parameters were chosen in such a way [13] that the neutrino masses and mixing angles are approximately consistent with the experimental data. A good "fit" to the data would require: a) Λ µ ≃ Λ τ , in order to account for a nearly maximal ν µ → ν τ angle in atmospheric oscillations, eq. 3; b) Λ e < Λ τ , to fulfil the constraints from ν e -oscillation searches at reactors [25] ; c) | Λ| ≃ [0.05, 2] GeV 2 , for the atmospheric neutrino mass scale, eq. 3; d) ǫ 1 ≃ ǫ 2 , to have a large angle in solar oscillations, eq. 2; and e) | ǫ| 2 /| Λ| ≃ [0. 1, 10] , for the solar mass scale, eq. 2. In order to investigate the dependence of our results on the assumptions about the R-parity violating parameters, we construct three different sets of points. Set1 was calculated to give an approximate "fit" to the neutrino data, as described above. Set2 is similar to Set1, except that ǫ 1 /ǫ 2 has been varied in a wider range ([0.1,10]), so as to cover both large and small solar angles 2 . The last set, called Set3 in the following, is again similar to Set1, except that ǫ 2 /ǫ 3 , which is hardly constrained by neutrino data, is varied in the interval ǫ 2 /ǫ 3 ≃ 0.1 − 2.
In supersymmetric models in which the scalar leptons have a common soft SUSY breaking mass parameter at some high scale (m 0 in mSUGRA) the renormalization group evolution leads to some splitting between the scalar taus and theẽ andμ states at the weak scale. While the lightest mass eigenstate in the charged slepton sector is usually mainly theτ R , the eigen- values forẽ R andμ R are not much heavier, such that alsoẽ R andμ R decay mainly via R-parity violating two-body decays. In our numerical calculation we therefore not only consider the decays ofτ R , but also those ofẽ R andμ R . These decays can provide information on the R-parity violating parameters not accesible inτ R decays and allow for additional cross checks of the consistency of the model. This is true especially for the case of lepton flavor violating slepton decays since from eq. 39 one expects them to be directly correlated with the BRpV parameters ǫ i .
For the calculation of the cross section we have adapted the formulas given in [26] to the bilinear model taking into account correctly all mixing effects in the numerical calculation. In Fig. 1 we show the cross section σ(e + e − →ll) in [fb] for √ s = 0.8 TeV as a function of the charged scalar mass, forẽ,μ andτ , respectively. Assuming an integrated luminosity of 1000 fb −1 per year can be achieved at a future linear collider [27, 28] this implies that around 10 4 scalar muons and scalar taus can be directly produced per year. For scalar electrons one expects between 10 4 and 10 5 produced pairs per year. Since the three R-parity violating two-body decay channels of the right-handed sleptons nearly add up to 100 %, one can expect that individual branching ratios will be measured to an accuracy of 1 % if they occur with similar strength. At the LHC the direct production of right-sleptons is small. As a result, they will be produced mainly in cascade decays. The relativeẽ R ,μ R andτ R yields will depend on the details of the cascade decays involved. Let us consider for simplicity the case where the cascade decays of the coloured particles end up in the lightest neutralino as in the MSSM. Beside the kinematics, the resulting number ofẽ R ,μ R andτ R arising from these decays depends on the nature of the lightest neutralino. When this is mainly bino-like, one expects that it decays dominantly into an equal number ofẽ R ,μ R andτ R 's. As a result the number of right-sleptons roughly equal to the number of neutralinos. Also in case of a wino-like neutralino the amount ofẽ R ,μ R andτ R will be equal. However, in this case the main lightest neutralino decay mode will be to a W -boson and a charged lepton, leaving fewer sleptons to be studied. However, as discussed in [17, 18] , in this case the neutralino decay modes can be used to probe the large atmospheric neutrino angle. For the case where the lightest neutralino is higgsino-like it will decay into a W -boson and a charged lepton, or into a Z-boson and a neutrino, similar to the wino case. However for large tan β the decay intoτ R will again be important, even for higgsino-like neutralinos.
In Fig. 2 we show the charged scalar leptons decay length (ẽ,μ and τ , from top to bottom) as a function of the scalar lepton masses for Set3. Very similar results hold for the other sets which are therefore not shown. All decay lengths are small compared to typical detector sizes, despite the smallness of the neutrino masses. The three generations of sleptons decay with quite different decay lengths and thus it should be possible to separate the different generations experimentally at a future linear collider. Note that the ratio of the decay lengths L(τ )/L(μ) is approximately given by (h µ /h τ ) 2 . As mentioned in the previous section, one expects that ratios of branching ratios of various charged slepton decays contain rather precise information on ratios of the bilinear parameters ǫ i . That this is indeed the case is shown in Fig. 3 for the data of Set2 and in Fig. 4 and Fig. 5 for the data of Set3.
As can be seen from these figures, the ratio of charged slepton branching ratios are correlated with the ratios of the corresponding BRpV parameters ǫ i , following very closely the expectation from Eq. 39, nearly insensitive to variation of the other parameters. Recall, that all the points were generated through a rather generous scan over the mSUGRA parameters. Ratios of ǫ i 's should therefore be very precisely measurable. Moreover, since only two of the three ratios of ǫ i 's are independent it is possible to derive the following prediction:
which provides an important cross check of the validity of our bilinear Rparity model. Any significant departure from this equality would be a clear sign that the bilinear model is incomplete.
As mentioned in the introduction current solar neutrino data prefer a large angle solution (LMA). In the BRpV model the solar angle is mainly determined by the ratio ǫ 1 /ǫ 2 [13] . A measured solar angle therefore leads to a prediction for Br(τ 1 → e ν i )/Br(τ 1 → µ ν i ), as shown in Fig. 6 for the data of Set2. With the current limits on tan 2 θ ⊙ , which are 0.25 < tan 2 θ ⊙ < 0.83 for the preferred LMA-MSW solution to the solar neutrino problem [3] at 3 σ C.L., one can currently predict that this ratio in the BRpV model must be in the range [0.09, 1.8]. Additional input on ǫ 2 /ǫ 3 , for example ǫ 2 /ǫ 3 ≃ 1 to within 10 % would sharpen the predicted value to [0.15, 1.1]. Obviously, also a more precise measurement of the solar angle will lead to a tighter prediction in the future. In this context it is worth noting that KamLAND [5] should be able to fix the solar angle to within ∼ 30 %, if LMA is indeed the correct solution to the solar neutrino problem.
Up to now we have discussed only ratios of R-parity violating parameters, but charged scalar lepton decays allow, in principle, also to gain information on absolute values of these parameters, as relevant, e. g. to fix the scale of neutrino masses determined through the analysis of current solar and atmospheric data [3] . However, such a measurement would require at least some information on MSSM parameters which is at the moment unavailable.
In Fig. 7 we show the total widths in [eV] for scalar tau decays (top panel) and scalar muon decays (bottom panel) for the data of Set1 displayed versus (|ǫ|/µ) 2 ml. Once µ and ml have been measured with some accuracy, one can determine the absolute value of |ǫ| from this measurement, provided ǫ 2 /ǫ 3 is known (for example, from the ratio Br(ẽ 1 → µ ν i )/Br(ẽ 1 → τ ν i )).
In a similar way, the decay width of the scalar electron contains information on | Λ|, as is demonstrated in Fig. 8 . A priori knowledge on ǫ 2 /ǫ 3 leads for scalar tau decays (top) and scalar muon decays (bottom) for the data of Set1 versus (|ǫ|/µ) 2 ml. Once µ and ml are measured, the widths provide information on the absolute value of |ǫ| ≡ | ǫ|. Note that Set1 fixes ǫ 2 /ǫ 3 ≃ 1. In general, this ratio must be known with some accuracy, before a value for |ǫ| can be derived from the widths.
to a tighter correlation, as can be seen from the comparison of the results for Set2 and Set3.
To deduce the value of | Λ| from this measurement one needs the parameter combination x 1 , as defined in Eq. (44). It contains the MSSM parameters M 1 , M 2 , µ and tan β, which could be determined, for example, if at least some of the neutralino and chargino eigenstates are accesible at the LHC or a possible linear collider.
Conclusions
Supersymmetric models with bilinear R-parity breaking provide a simple, testable framework for neutrino masses and mixings in agreement with current solar, atmospheric and reactor neutrino oscillation data. The model is testable at future colliders if the neutralino is the LSP, as was shown previously, as well as in the alternative case where one of the charged scalar leptons is the LSP, as we have demonstrated here.
The measured neutrino mixing angles fix certain ratios of the bilinear R-parity breaking parameters and, therefore, lead to well-defined predictions for the ratio of branching ratios of certain slepton decay modes, which should be easily measurable at a future collider such as a high energy linear collider. Our main result is shown in Fig. 6 , where we display Br(τ 1 → e ν i )/Br(τ 1 → µ ν i ) versus the solar neutrino angle, tan 2 θ ⊙ . We have also shown how charged scalar lepton decays allow the determination of other parameters of our model, thus providing a definite test that bilinear R-parity breaking SUSY is the origin of neutrino masses. (g ′ ) 2 x 1 |Λ| 2 .
